The etiology of the prompt decline in serum T 3 in patients with nonthyroidal illness syndrome has not been adequately explained. It has been attributed to various parameters, including test artifacts, inhibitors of T 4 and T 3 binding to proteins, decreased 5-deiodinase activity, and circulating cytokines. Currently, much attention is centered on the role of IL-6 and TNF␣ in developing the nonthyroidal illness syndrome through an effect on the hypothalamus, pituitary, and possibly 5-deiodinase activity.
after the entrance to the operating room and lasted for 2 h. In contrast, serum T 4 and free T 4 concentrations were increased soon after skin incision and remained elevated during the first postoperative day. Serum rT 3 increased approximately 6 h after the initiation of surgery and remained elevated thereafter. Serum IL-6 remained essentially undetectable for 2 h after skin incision, whereas serum T 3 was low. Two hours after skin incision, serum IL-6 increased sharply and remained elevated throughout the observational period. Serum TNF␣ remained essentially undetectable throughout the postoperative period. Serum cortisol increased rapidly upon entrance to the operating room and remained elevated throughout the postoperative period.
We conclude that the decline in serum T 3 early in the course of nonthyroidal illness syndrome is not due to increased serum IL-6 or TNF␣ levels. The brisk TSH secretion soon after the onset of the syndrome attenuates the decline in serum T 3 due to T 3 secretion from the thyroid. The early and brisk cortisol response to surgery may at least in part explain the early decrease in serum T 3 
I
T IS WELL known that during the course of various nonthyroidal diseases and fasting, profound alterations occur in the serum concentration and metabolism of thyroid hormones (reviewed in Refs. [1] [2] [3] [4] [5] [6] [7] [8] . The term euthyroid sick syndrome or, more recently, nonthyroidal illness syndrome (NTIS) has been coined (4) . The observed abnormalities are usually reversible and have been attributed to disturbances in peripheral metabolism, tissue uptake, binding, and receptor occupancy of thyroid hormones, whereas a low activity state of the hypothalamic-pituitary-thyroid axis has been observed in more severe and prolonged nonthyroidal illnesses (1) (2) (3) (4) (5) (6) (7) (8) .
Despite the description of the syndrome some 38 yr ago (9, 10) , its pathogenesis remains elusive. Recently, the role of cytokines, especially IL-6, IL-1, and TNF␣, have been implicated in the pathogenesis of NTIS (reviewed in Refs. [5] [6] [7] [8] . IL-6 is a proinflammatory and pleiotropic cytokine that has been reported to influence several parameters of thyroid hormone metabolism in vitro and in vivo (8, 11, 12) . In healthy subjects, serum IL-6 is undetectable, whereas it was elevated in many patients with nonthyroidal illnesses. The serum IL-6 concentration inversely correlates with serum T 3 in a number of NTIS states (12) (13) (14) . Administration of recombinant human IL-6 (rhIL-6) to experimental animals results in alterations in thyroid function (15, 16) . Acute administration of rhIL-6 (sc or 4-h iv infusion) in humans resulted in decreased serum T 3 after 3 h in cancerous patients (17) and after 24 h in healthy volunteers (18) . Chronic administration (6 wk) of rhIL-6 in human volunteers did not produce significant alterations in serum thyroid hormone levels (17) . The administration of rhIL-6 is followed by symptoms reminiscent of systemic illness, and it is unclear whether the observed alterations in thyroid hormone metabolism and TSH secretion are the result of illness induced by cytokines or an effect of cytokines per se. Furthermore, the association of serum thyroid hormone changes with circulating cytokine levels in systemic disease has been observed long after the initiation of the illness, and it is not known whether the decrease in serum T 3 preceded, accompanied, or followed the increase in serum IL-6 or TNF␣ concentrations.
Alterations of thyroid hormone metabolism have been observed after various surgical procedures (19 -23) , an experimental form of NTIS in humans. It has been reported that the IL-6 concentration in the portal vein and peripheral vein blood increases rapidly after abdominal surgery (24 -26) . We therefore undertook a detailed study in humans to examine the acute effects of a form of NTIS, such as elective surgery, on the hypothalamic-pituitary-thyroid axis and whether the endogenous production of the cytokines, IL-6 and TNF␣, induced by elective abdominal surgery precedes, accompanies, or follows the early alterations in serum thyroid hormone concentration observed in NTIS.
Materials and Methods
Nineteen healthy subjects (5 males and 14 females), aged 46 Ϯ 13 yr, were programmed for elective abdominal operation. None of the subjects was receiving any medication and/or had any evidence of acute, chronic, or endocrine disease. All patients were maintained on a free diet before admission to the hospital. Ten underwent open cholocystectomy for cholelithiasis without acute inflammation (eight women and two men; body mass index, 27.5 Ϯ 1) and nine (six women and three men; body mass index, 49 Ϯ 10) underwent abdominal surgery for morbid obesity (vertical banded gastroplasty or gastric bypass Roux-en-Y). Patients received general anesthesia, and the same protocol was applied to all. The induction of anesthesia was obtained by iv administration of 3 mg midazolame, 1-3 g/kg fentanyl, 0.08 -0.1 mg/kg vecuronium, and 1.5-2.5 mg/kg propofol. Core temperature was obtained by a Folley catheter with temperature sensor (Thermistor L100 series, YSI, Inc., Yellow Springs, OH). Normal volume was maintained by administering ringer solution iv. The anesthesia was maintained with inhaled O 2 /N 2 O (1:2), isoflurane (0.5-1.5%), and iv fentanyl (1-2 g/kg⅐h) and vecuronium (0.02-0.03 mg/kg). Epidural analgesia was given to patients who underwent abdominal surgery for morbid obesity. All subjects were admitted to the hospital the day before surgery, and food was withheld after 2000 h. The operation commenced at 0800 h the next morning. Serum samples were collected by an iv catheter as follows: upon admission to the hospital (Ϫ24 h), upon entrance to the operating room (Ϫ1 h), at the induction of anesthesia (Ϫ0.5 h), at the time of skin incision (0 h), and 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 18, 24, 30, 36 , and 42 h thereafter. To prevent the effects of food deprivation on serum T 3 , total parenteral nutrition of 2000 kCal/d was administered (1 g/kg BW protein and the rest of calories equally divided between carbohydrates and fat) during the experimental period beginning immediately after surgery. During the operation a 5% dextrose solution was administered in a volume of 500 ml. We measured total T 3 , free T 3 (FT 3 ), total T 4 , free T 4 (FT 4 ), rT 3 , cortisol, IL-6, and TNF␣. In seven healthy volunteers matched to the cholocystectomy group (three men and four women, aged 40 Ϯ 5 yr) after an overnight fast, 50 ml normal saline were injected at 0800 h, blood was drown at Ϫ15, 0, 30, 60, 90, and 120 min thereafter, and serum T 3 was measured. The protocol was approved by the ethics committee of the hospital. Informed consent was obtained from all patients.
Hormone assays
Blood samples were collected, and serum was stored in aliquots at Ϫ20 C, until assayed. T 3 , T 4 , and TSH were measured within one run for each subject by semiautomatic analyzer IMX (Abbott, Chicago, IL). Serum rT 3, FT 3 , FT 4 , cortisol, IL-6, and TNF␣ were measured in duplicate within one assay for each subject using commercial available RIAs or ELISAs. Serum FT 3 was measured with the Clinical Assays GammaCoat RIA kit (INCSTAR Corp., Stillwater, MN) (27) . Serum and TNF␣ were 3.1 and 0.5 pg/ml, respectively. Intra-and interassay coefficients of variation were less than 10% for all assays.
Statistics
All values are expressed as the mean Ϯ sd. The data were analyzed by ANOVA for repeated measures, followed by post-hoc analysis for pairwise comparisons, and were corrected by Tukey test or paired t test when indicated. Regression analysis was performed to obtain T 3 curve estimation. To compare percentages of increase or decrease at specific points in time between groups, we used t test for the proportion of the mean difference. Significance was accepted at P Ͻ 0.05. Analyses were performed with SPSS software version 9.0 (SPSS, Inc., Chicago, IL).
Results

Serum T 3
Serum T 3 hormone changes are shown in Fig. 1 , expressed as percent changes from baseline, and in Table 1 , where the absolute values are given for the first 6 h after surgery. The alterations in serum T 3 during the observational period were significant (df ϭ 18; F ϭ 345.8; P Ͻ 0.04). The serum T 3 concentration decreased rapidly 30 min before skin incision from a baseline value of 1.56 Ϯ 0.3 to 1.33 Ϯ 0.2 nmol/liter (P Ͻ 0.05), reaching a value of 1.16 Ϯ 0.2 nmol/liter within 2 h after skin incision (P Ͻ 0.001, by ANOVA). Inspecting the linearity of the T 3 curve for the first 24 h, we observed three distinctive parts. An early part from Ϫ1 to 0.5 h after surgery [slope ϭ Ϫ0.118 Ϯ 0.017 (Ϯse); r 2 ϭ 0.95; P Ͻ 0.03], a second part from 1-8 h after surgery with essentially no slope (slope ϭ Ϫ0.006 Ϯ 0.003; r 2 ϭ0.63; P Ͼ 0.05), and a late part from 10 -24 h (slope ϭ Ϫ0.01Ϯ 0.002; r 2 ϭ 0.79; P Ͻ 0.03). The early changes in serum T 3 in the study group reflect true changes, as normal controls injected with 50 ml saline solution and sampled every 30 min from 0800 -1000 h displayed a decline in T 3 from 5-7%. In particular, the magnitude of the changes in serum T 3 samples taken from Ϫ15 to 120 min every 30 min was lower in the study group than in the control group at each time point (P Ͻ 0.05). Serum FT 3 followed a similar pattern as T 3 (Table 1) .
When the group subjected to cholecystectomy was compared with the group subjected to gastroplasty, the decline in T 3 was more pronounced in the latter, probably due to more severe surgical stress in these patients (Fig. 4) .
Serum T 4
The serum T 4 concentration increased by 10% 1 h after skin incision from a baseline value of 106 Ϯ 19 to 117 Ϯ 19 nmol/liter (P Ͻ 0.001), remained high for the next 3 h, and returned to baseline 6 h after the skin incision (Table 1) . A second increase was noted 12 h after the skin incision, which lasted until the end of the observational period. (Fig. 4) . Serum FT 4 increased 1 h after the skin incision from a baseline value of 20 Ϯ 3.3 to 25 Ϯ 4.6 pmol/liter (P Ͻ 0.001) and remained high thereafter (Table 1) .
When patients subjected to cholecystectomy were compared with patients subjected to gastroplasty, the rise in serum T 4 was more pronounced in the latter, but did not reach statistical significance (Fig. 4) .
Serum rT 3
Serum rT 3 increased 6 h after the initiation of the surgery from a baseline value of 0.43 Ϯ 0.8 to 0.49 Ϯ 0.1 nmol/liter (P Ͻ 0.02; Table 1 ) and remained elevated throughout the study period (Fig. 4) . As shown in Table 1 and Fig. 4 , the increase in serum rT 3 was delayed 6 h after skin incision in all patients and did not follow the early decrease in serum T 3 .
Serum TSH
Serum TSH increased upon admission to the operating room from a baseline value of 1.21 Ϯ 0.65 to 1.47 Ϯ 0.76 mU/liter (P Ͻ 0.001). A more pronounced and prolonged increase was observed 0.5 h after skin incision and lasted approximately 2 h (Table 1 and Figs. 2 and 4) . The rise in serum TSH was similar in patients subjected to cholecystectomy and those with gastroplasty. This increase preceded the observed attenuation of the fall in serum T 3 , seen from approximately 2-8 h after surgery. We also observed loss of the normal nocturnal peak of TSH the day of the operation, which was restored the first postoperative day (Fig. 2) . The mean core temperature decreased to 35.5 Ϯ 0.1 C in all patients.
Serum cortisol
Serum cortisol increased 63% above the baseline upon admission to the operating room from a baseline of 350 Ϯ 168 to 571 Ϯ 190 nmol/liter (P Ͻ 0.001) and remained high throughout the observation period (Table 1 and Fig. 3) . The epidural analgesia administered to obese subjects did not prevent the brisk response of cortisol to surgical stress, but was less pronounced compared with that in lean patients (Fig. 4) . 
Serum IL-6 and TNF␣
Baseline serum IL-6 was measured in 11 patients. It was in the range of detectability (3.1 pg/ml) in four and was undetectable in seven (Table 2 ). An increase in serum IL-6 to 20.1 Ϯ 17.7 pg/ml was observed 2 h after the skin incision (P Ͻ 0.001). IL-6 continued to increase until 6 h, reaching a level of 10 -253 pg/ml and then decreased to 10 -72 pg/ml by 18 h postskin incision and remained at that level for the remainder of the observation period (Fig. 1) .
Serum TNF␣ was measured in 11 patients. It was barely detectable in 5 obese patients and was undetectable (Ͻ0.5 pg/ml) in 6. Serum TNF␣ remained at the same level for each subject before and after surgery.
Discussion
To our knowledge, this is the first detailed study in humans in which we examined the relation of the serum IL-6 rise and the early fall in serum T 3 in patients subjected to elective surgery when assessed in a disease state that appears to be a suitable model of the acute form of NTIS. Our findings clearly demonstrate that the acute increase in serum IL-6 was not related to the fall in serum T 3 , at least in the early hours. The decrease in serum T 3 , was observed 30 min before the skin incision and continued gradually to decrease until 2 h after skin incision, whereas IL-6 remained essentially undetectable and appeared in the systemic circulation approximately 2 h after surgery.
The cause of the observed early fall in serum T 3 is not readily apparent. This is not due to circadian variation, as in seven healthy volunteers examined at the same time period (0800 -1000 h), the magnitude of the fall in serum T 3 was smaller (5-7%) than that in the study group (20%). The former is consonant with the findings of Torpy et al. (18) , who reported similar changes after saline administration to normal subjects. The expansion of blood volume or fasting does not explain the decrease in serum T 3 , because the patients received no blood transfusion during the operation, and the volume was replaced according to measured minimal losses. Moreover, T 4 and FT 4 did not decrease, but, rather, increased. This may be due to anesthesia and to an increase in serum TSH (29, 30) . Food deprivation for 14 h, as expected, had no effect on serum T 3 or FT 3 (31) , and therefore, in our patients had no effect on serum T 3 , as the caloric deprivation lasted 10 h, from 2000 -0800 h. Total parenteral nutrition started after surgery had no effect on the decline in serum FT 3 in patients subjected to cholecystectomy (32) . Previous studies have examined the effects of increased serum IL-6 concentration on the hypothalamic-pituitarythyroid axis in various states of NTIS. It was invariably found that in these states, serum T 3 levels were inversely related to serum IL-6 concentration (12) (13) (14) . However, these studies were cross-sectional, and the serum samples were taken long after the initiation of systemic illness, when both serum T 3 and IL-6 concentrations had already been affected by the illness. In an attempt to correlate the serum IL-6 concentration with the fall in serum T 3 reported that surgical procedures resulted in an increase in IL-6 and a fall in T 3 12 h after skin incision. Welby et al. (22) studied in detail the relation of serum T 3 to IL-6 in the early hours after surgery. They concluded that the early changes in thyroid hormones do not appear to be caused by changes in IL-6 concentrations. This conclusion is consonant with our findings. Inspecting their data, it is apparent that they did not measure serum IL-6 levels and serum T 3 the first 4 h after the induction of anesthesia. This was evaluated in our study, which demonstrated that the fall in T 3 precedes the increase in the appearance of IL-6 in serum.
Inspecting the course of the fall of serum T 3 at various time intervals after admission to the operating room, we noticed that after the early fall in serum T 3 , the decline was attenuated and followed by a prolonged second decline. The most suitable explanation for the attenuation of the decrease in serum T 3 was the marked early increase in TSH secretion, probably induced by TRH release resulting from a drop in core temperature, probably induced by the anesthesia. An early TSH surge was also reported during surgery by Welby et al. (22) . It is known that the TSH surge after TRH administration increases serum concentrations of thyroid hormones 3-8 h thereafter (33) . The simultaneous increase in serum IL-6 could not be responsible for the attenuation of the decrease in serum T 3 . It has been reported (18) that sc administration of rhIL-6 in normal individuals affects the serum T 3 concentration for at least 24 h thereafter and has an accelerating, rather than attenuating, effect on the decline in serum T 3 concentration.
The late fall in serum T 3 displayed a similar pattern to the early fall. This is judged from the almost identical slopes of the T 3 decrease in the early and late first 24-h period. As IL-6 was not detectable in serum in the early phase, obviously IL-6 had no effect on the early decline in T 3 , as has been previously discussed. The dramatic increase in serum IL-6, which peaked 6 h postsurgery, could have an effect by accelerating the late fall of T 3 . However, this was not observed, as indicated by the almost identical slopes of the early and late parts of the serum T 3 curve, suggesting that IL-6 had a minimal, if any, role in the decline in serum T 3 for the first 24 h. These conclusions are in agreement with the data reported by Torpy et al. (18) and Boelen et al. (34) . Torpy et al. reported that the sc administration of rhIL-6 in healthy humans resulted in a decrease in serum T 3 24 h thereafter. Unfortunately, serum T 3 values from 6 -24 h were not reported in their study, and serum levels of the injected IL-6 were elevated. Boelen et al. (34) reported that IL-6 knockout mice displayed a decrease in serum T 3 despite the complete lack of IL-6 in these animals.
It has been reported that TNF␣ may be responsible for the low serum T 3 in NTIS (2) (3) (4) (5) (6) . In animals, the administration of recombinant TNF␣ resulted in a decrease in serum T 3 and T 4 , unchanged rT 3 , decreased or unchanged TSH secretion, and conflicting findings for 5Ј-deiodinase activity (11) . In humans with various NTIS, serum TNF␣ was either increased (35, 36) or normal (37) . Administration of recombinant TNF␣ to normal individuals mimicked the alterations in serum thyroid hormones observed in patients with NTIS (38). In our study the serum TNF␣ concentration was barely detectable in five patients and was undetectable in six, and it did not change during the 42 h of observation. Similar findings have been reported by others (24, 25) . Therefore, TNF␣ could not be incriminated in the low T 3 syndrome, at least in surgical patients, although rapid clearance from the circulation cannot be excluded (7) .
Glucocorticoids can affect thyroid function in many ways, and it is known that glucocorticoid levels are increased in surgical and other stresses. They inhibit type 5Ј-deiodinase activity and have been associated with decreased serum T 3 , elevated serum rT 3 , and suppressed serum TSH levels (1). In our study the inhibitory effects of cortisol on TSH secretion were not exerted due to stress and anesthesia. In some reports the fall in serum T 3 in surgical stress was not associated with the increased cortisol levels, as epidural analgesia blocked the cortisol secretion, but did not prevent the decrease in serum T 3 (39, 40) . These findings were not con-firmed by others (41) . In the obese patients the response of cortisol to surgical stress was less pronounced, probably due to epidural analgesia. It should be noted, however, that the fall in serum T 3 was more pronounced in obese patients, suggesting that factors in addition to cortisol operate in surgical patients.
Our findings suggest that the increased cortisol levels induced by psychological and surgical stress may explain at least in part the decline in serum T 3 . In our patients serum cortisol was increased long before the appearance of IL-6 in the circulation, almost simultaneously with the beginning of the decline in serum T 3 . This suggests that cortisol might have an effect on serum T 3 independent of IL-6, and that the effects of IL-6 on serum T 3 , if any, are late and might be additive via its action on cortisol secretion.
In conclusion, the fall in serum T 3 in surgical patients early in the course of the disease is not due to IL-6 or TNF␣ production or to TSH suppression. On the contrary, a sharp increase in TSH secretion occurs, leading to T 3 and T 4 secretion from the thyroid and therefore attenuating the fall in serum T 3 and increasing serum T 4 . Whether this pattern is seen in other acute states of NTIS remains to be seen. The effects of glucocorticoids on peripheral thyroid hormone metabolism may at least in part explain the observed fall in serum T 3 in NTIS, although the exact mechanism still remains elusive. 
